Abstract_ In this paper, an algorithm is proposed to evaluate a lightning location as well as the lightning current wave shapes at different heights along a channel using lightning measured magnetic fields at two stations. The proposed algorithm is based on the captured return stroke part of the magnetic fields directly in the time domain. The proposed method can support different engineering current models and can also be developed for different distances. The proposed method can be helpful for creating lightning location and lightning current data banks as it can estimate the full shape of the current as opposed to the usual methods used previously.
INTRODUCTION
The evaluation of a lightning location is one of the important issues for lightning mapping and also to consider the level of lightning risk for the protection of power systems. Several studies have been undertaken previously by various authors to evaluate lightning locations which are usually based on the time of arrival of a measured electric field (TOA), the values of measured electric fields at domain frequencies and the direction of the magnetic fields [1] [2] [3] [4] [5] [6] [7] . In addition, such studies usually consider the peak value of the current at the channel base. Moreover, some of the previous methods only consider the radiation components of the electric field that can be applied for far distances with respect to the lightning. Such methods have an inherent error at close and intermediate distances with respect to the lightning channel. Likewise, the selection of a return stroke current model is one of the important issues and the transmission line model (TL) is usually assumed in previous studies. On the other hand, the ground conductivity can play a very important role to change the electric field wave shape and it can create an inherent error when not considered as in some previous research in this subject. In this present study, the location of the lightning was evaluated using all components of the magnetic fields based on recorded data from two field stations whereby the effect of the ground conductivity on the magnetic field was negligible. Moreover, the proposed method uses the general form of the engineering current model and it estimates the full shape of the current wave shape at different heights directly in the time domain. The evaluated current and lightning location can be used for creating a data bank for use in lightning mapping and also for localising the necessary level of lightning protection required based on local information. The basic assumptions in this study are listed as follows:
The lightning is a vertical channel without any branches. ii.
The general form of the engineering current model with unknown parameters is employed for modelling of current behaviour along the channel. iii.
The return stroke velocity was set to a constant value along channel that will be evaluated using the proposed algorithm.
II. LIGHTNING RETURN STROKE CURRENT
The lightning return stroke current can be considered in two areas as follows:
i. The channel base. ii.
Different heights along the channel above the surface of the ground.
The channel base current can be modelled using different current functions. In this study the sum of two Heidler functions is used for modelling of the current at the channel base as represented by Equation (1). On the other hand, the current wave shape at different heights along the channel can be modelled using different current models. In this work, the general form of the engineering current model with unknown parameters was selected for the study of the current behaviour at different heights along the channel as expressed by Equation (2) [8] . (1)
Where: i(0, t)is the channel base current, t is the time step, i 01 and i 02 are amplitudes of the channel base current, τ 11 andτ 12 are front time constants, τ 21 andτ 22 are decay-time constants, n 1 and n 2 are exponent (2~10),
z' is temporary charge height along channel, v is return stroke current velocity along channel, v f is return stroke current velocity along channel,
)is Heaviside function.
In this study, the MTLE current model was used (P(z')=exp(-z'/ )). However the proposed method can support other engineering current models.
III. LIGHTNING MAGNETIC FIELDS
The magnetic flux density at different distances with respect to the lightning channel can be evaluated using Equation (3) for which the geometry of the lightning channel with respect to the observation point is shown in Figure 1 [9] . 
Where:
B φ ⃗ (r, z, t)is the magnetic flux density, z is height of observation point, r is radial distance from lightning channel, β=v/c, 
IV. INVERSE PROCEDURE ALGORITHM
Two magnetic field sensors were set at two known positions with related coordinates (x 1 ,y 1 ) and (x 2 ,y 2 ), respectively as illustrated in Figure 2 . On the other hand, the position of the lightning striking point was unknown and set at (x L ,y L ). Therefore, the radial distance between the lightning channel and sensors 1 and 2 will be r 1 and r 2 , respectively. Moreover, the values of the magnetic flux density at sensors 1 and 2 for different time steps can be expressed by Equation (4) and Equation (5), respectively. Where:
By combining Equation (4) and Equation (5), the nonlinear equation system can be expressed by Equation (6) where the number of equations is 2*(n-1) and the number of unknown parameters is 10 (2 for the position of the striking point, 6 for the return stroke current parameters, 1 for the return stroke velocity and 1 for the constant parameter in the current model in MTLE). It should be noted that the current function and current model were based on the sum of two Heidler functions and the MTLE model respectively, and also the values of current exponents were assumed as 2.
Therefore, by solving Equation (6) and finding the unknown parameters, the location of the lightning, the channel base current wave shape, the return stroke velocity and also the constant parameter of the current model can be estimated using the measured magnetic fields in the two stations. In order to solve Equation (6), different numerical methods can be used. However in this paper the PSO (particle swarm optimisation) method was used in which all sub equations must be minimised at the roots of the non linear equation system (unknown parameters) [10] [11] [12] . The proposed method covers different field components and it can be used for different distances with respect to the lightning channel. Moreover, the proposed algorithm uses measured magnetic flux density as the input data and therefore it is not dependent on the ground condition to a large extent. In addition, the proposed method can estimate the full shape of the current, the return stroke velocity and the constant parameter of the current model using measured fields.
V. RESULTS AND DISCUSSION
In this paper, the magnetic flux densities at two different stages were generated using a sample of channel base current based on the MTLE current model. Then, the generated magnetic flux densities were used in the proposed algorithm and the location of the striking point, the channel base current as well as the current model parameters were evaluated using the proposed method and the results compared with the corresponding original values. Figure 3 and Figure 4 show the generated magnetic flux densities at Station 1 and Station 2 (based on Figure 2 ), respectively where Station 1 was located at (0,0) and Station 2 at (50 km, 50 km) and also the striking point was located at (10km,8km) and the current parameters were obtained from Table 1 as follows: Figure. 3. The generated magnetic flux density at station 1 Figure. 4. The generated magnetic flux density at station 2 The location of the striking point and the current parameters were evaluated using Figure 3 and Figure 4 as input parameters to the proposed algorithm. The location of the lightning was estimated at (9.72km,8.023km). Moreover, the channel base current parameters were evaluated using the proposed algorithm as shown in Figure 5 and compared with the corresponding original current that was used for field generation. Figure 5 shows a good agreement with the corresponding original current. Moreover, the difference percentage between the evaluated location and the exact position is about 2.8%, which is considered to be in the acceptable range. In addition, the estimated current model parameters are λ = 1742 and V = 1.4483 * 10 8 m/s which also shows good agreement with the original values. Figures 6 and 7 show the comparison between applied fields and the corresponding evaluated fields based on evaluated parameters at locations of sensors 1 and 2 ,respectively whereas the maximum difference percentage between them is about 5.5%. A feature of the proposed algorithm is that although the current function and the current model were based on the sum of two Heidler functions and the MTLE current model respectively in this study, however other functions and models can be applied with unknown parameters and these parameters will be estimated using the proposed method. The proposed method can be used for different distances whereby all the field components are taken into account. Therefore, the location of the stations can be varied. Moreover, the proposed method is based on magnetic flux density and the effect of the ground conductivity condition on the evaluated parameters can thus be reduced compared to other methods that are based on measured electric fields. In addition, the proposed method can estimate the full shape of the current, the current model parameters and the average value of the return stroke velocity as opposed to the usual previous methods [13] [14] [15] . Noted that, the MTLE model was used in this study [16] and by changing of attenuation height dependent function, the proposed method can support other current models as well. This can be helpful for generating data banks for lightning location as well as lightning current wave shapes that can be used for updating lightning protection standards based on local information. It should be mentioned that the proposed method is a development of time domain algorithm in references [11] [12] for the case of lightning location.
The proposed method can cover a wide range of current functions and current models based on the general form of the engineering current model directly in the time domain and it can also be used for different locations of measured stations as it takes all field components into account.
VI. CONCLUSION
In this paper, an inverse procedure algorithm is proposed to evaluate the lightning location as well as the current parameters directly in the time domain using measured magnetic flux density from two field stations. Moreover, by using a sample of the return stroke current, the performance of the proposed method was considered and the results discussed accordingly. The proposed algorithm can estimate the full shape of the channel base current and also the current model parameters as well as the striking point as it takes all field components into account. The proposed method can be used for creating a data bank of lightning striking points and current wave shapes that can be applied in lightning mapping systems and for updating of local standards of lightning protection based on local information, respectively. Fields using evaluated parameters at S 2
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